Abstract. This paper provides a computational analysis of wind impact on different geometric configurations of Savonius turbines proposed and previously studied in specialized literature. As a result of comparative analysis of turbines, we performed a flow analysis over a microturbine array, proposed a twisted Savonius turbine respecting its original profile, and subjected it to a comparative analysis of its performance against conventional turbines. Our new proposal of Savonius turbines stands out due to its lower residual turbulence. The turbine dimensions are suited to the geometric relationships previously analyzed, and they are suggested in a way to respect the original profile of each turbine. The size of each turbine is small since its application is proposed for power generation in a low power array which can be placed on any building as part of its outer walls.
Introduction
The wind industry is the most dynamic one among the largest industries producing equipment for power generation. Within the set of emerging industries it has been overtaken only by the mobile phone industry. Wind power generation has shown a tremendous growth over the past decade; it is recognized as a production of environmentally friendly energy and an economically competitive means for power generation [1] .
A wind turbine is a device that converts the wind kinetic energy into rotational kinetic energy which is then turned into electrical energy. Wind turbines have the advantage of being modular and can be installed relatively quickly which makes them an attractive source of power generation compared to other types of alternative energies such as hydropower energy. There are many different types of wind turbines, they can be divided into two large groups depending on rotation axis orientation of the turbine: wind turbines with horizontal axis and those with vertical axis [2, 3, 4, 5] .
Turbines with vertical axis are most competitive due to such factors as the ability to capture the wind in any direction [6] , their comparatively simple structure, easy maintenance, a low cost of implementation and installation. Among vertical axis wind turbines, there is the Savonius turbine, which was created by the Finnish engineer S. J. Savonius [7] in 1931 as a drag-type of the vertical axis wind turbine. The configuration for this turbine is a cross section in the form of an "S" built by two semicircular blocks with a small overlap. Its operating principle is based on the difference of drag forces between the convex and concave parts of the turbine [8] . This paper gives a computational analysis of the Savonius turbine flow with different geometric configurations [6, 9] , observing the behavior of the air flow that strikes them, determining the best configuration for their application in modular systems mounted on buildings.
This paper is organized as follows. Section 2 describes the Savonius turbine geometric configuration. Section 3 introduces the three dimensional modeling of Savonius turbine and presents our proposal with the computational analysis of the wind flow over the Savonius turbine. In Section 4 the results are discussed. Finally, Section 5 presents our conclusions and future work.
Geometric Configurations
Experimental [6, 8, 10, 11] and numerical [2, 3, 5, 9] studies on the geometric variables of a Savonius turbine were made in order to improve performance and make better use of wind power. However, even when the turbine profile is very different, the same power coefficient (Cp) has been reached, this coefficient is defined as Cp = TSR * Ct ,
where Ct is the torque coefficient (dimensionless, calculated on trial basis), and the TSR (Tip Speed Ratio) is defined as Due to the fact that Cp is directly linked to the turbine maximum efficiency which depends on the energy amount able to draw air, the mechanical power (Pw) obtained by a wind turbine is expressed as
where ρ is the air specific density (1,225 Kg/m 3 ), and A is the area that is swept by the turbine blades (m 2 ). As Betz Limit indicates [18] , no wind turbine can convert more than 59% of the wind kinetic energy into the mechanical energy turning a rotor. Today this is known as the Betz's Law and 59% is called the maximum power coefficient defined as
In practice, wind turbines cannot operate at this maximum limit. The Cρ value is unique for each type of wind turbine and depends on the wind speed that the turbine is operating and the turbine itself. In experimental research conducted by M. A. Kamoji et al. [4] , a CρMAX of 0.21 was reached with the geometric relationships shown in Table 1. In  this table: -m represents the lag between the blades A two-dimensional image for this Savonius turbine profile without shaft is analyzed in [4] and shown in Fig. 1 ; a Savonius turbine with shaft is studied in [5] and shown in Fig. 2 . Furthermore, J-L Menet et al. [9] conducted a parametric investigation to increase the turbine efficiency with a different geometric configuration, in which it is possible to obtain a maximum Ct of 0.33 which is reflected in a maximum Cp of 0.3. This represents a 12% improvement in Cp. This different profile is shown in Fig. 2 , while Table 2 shows the geometric relationships which are based on the work of Menet. In Table 2 : 
Three-Dimensional Modeling of Savonius Turbine
The profiles presented in Section 2 are modeled in 3D with SolidWorks software following the previously mentioned geometric relationships. The three-dimensional Savonius turbine model without shaft is shown in Fig. 3; Fig. 4 demonstrates the Savonius turbine model with shaft. 
Our Proposal
Our research uses the profile shown in Fig. 2 , this makes a twist that causes a 180° rotation on its own axis; this variation is of great interest because of its specific form which in any position does not stop the wind to impinge on the concave section of the turbine regardless of wind direction.
However, the recruitment section is considerably reduced compared with untwisted Savonius turbines, which have the disadvantage of requiring specific positions in which they give greater wind uptake.
The computational tool used for this analysis is SolidWorks Flow Simulation. Studies in different research areas such as finite element analysis performed by Wang Songtao et al. in [14] as well as W. Tarmizi in their simulation and analysis of the human hand fingers [15] among others [16, 17] support the accuracy of physical development with simulations using SolidWorks utilities.
To perform the following simulations, the software is configured with a total of 1500 flow lines to be able to appreciate the trade wind. It implements a rectangular wind tunnel of 80 x 100 The material used for the turbines simulation is ABS plastic, due to a low density compared with the density of aluminum and light metal, weighing three grams average per turbine. In Fig. 6 the performance comparison of the Savonius turbines is shown. The twisted Savonius turbine (Fig. 6c) leads to a reduced residual turbulence. Fig. 6a shows the wind flow paths incident on the Savonius turbine 3D model without shaft. Fig. 6b illustrates the behavior of the incident wind on the Savonius turbine with shaft, and finally, the same phenomenon on the twisted Savonius turbine can be seen. Obviously, all the turbines are in the same angular position.
Obtained Results
Due to the simplicity of the comparison with air flow paths in Fig. 6, Fig. 7 shows a comparison of each turbine behavior with the different air incidence angles. These angles are 0°, 45°, 90°, and, finally, 135°.
The wind incidence at 180° is identical to the incidence at 0°. The Savonius turbines have different positions; Fig. 7 shows the greatest reduction in the air speed passing over the cross section of each turbine. It is important to remark that the turbulence generated by the Savonius turbine without shaft is distributed over approximately 90% of its height. In the case of the twisted Savonius turbine, its turbulence occurs in only approximately 35% of its height. For this reason, the twisted Savonius turbine is proposed for further analysis against the Savonius turbine without shaft, which has a minimal turbulence in 45° and 90° positions.
The Savonius turbine models in 3D were performed with the measures which comply with the relationships mentioned in Section 2. In the case of the Savonius turbine without shaft, its dimensions are shown in Table 3 . Fig. 7b , which shows the performance of the Savonius turbine with shaft. However, the latter turbine reduces the air speed at its output in all angular positions analyzed, and in a magnitude of about 80 mm. This is greater than the residual turbulence caused by the Savonius turbine without shaft.
Finally, Fig. 7c shows the behavior of the twisted Savonius turbine which due to its particular form behaves very differently from the other turbines discussed. Although it is turned on its axis, the maximum reduction of the residual air velocity always presents the same profile position. This makes the speed reduction distributed only in a section along the turbine height at its current angular position.
The case of the twisted Savonius turbine meets the same profile as the Savonius turbine with shaft, with only a 180° inclination on its axis. Fig. 8 shows the twisted Savonius turbine module, wherein the position setting is 3 rows of 3, 2 and 3 turbines, respectively. The configuration of this module is proposed in this way to allow the wind to impinge with a higher strength in all the turbines. For the Savonius turbine with shaft, the results are shown in Table 4 . Fig. 9 illustrates the behavior of the incident air speed upon the Savonius turbine module without shaft, which is shown in inner dark with a loss of the incident wind speed of 60% on the last row of turbines. This results in a considerable speed loss of the latter turbines, due to a low wind incident speed. Fig. 10 depicts the twisted Savonius turbine module behavior, with a maximum loss of 20% in the incident air speed. This can be seen in the tone change from dark gray to white as it slows the air intake from 10 m/s to about 8 m/s on all turbines, which is considerably low compared with losses of 60% of the incident air speed on the Savonius turbines without shaft. 
Conclusions and Future Work
The twisted Savonius turbine array has presented the best performance with respect to the flow analysis performed. However, from the manufacturing point of view, this type of turbine is the most complex to build, which increases production costs significantly.
Once this module manufacture is carried out, a new analysis is suggested focusing on power generation using modular commercial micromotors as power generators. The object of this proposal is to implement Savonius turbine arrays on buildings at low cost. An array of eight TST for a continuous energy generator system where other wind systems are not viable is proposed.
So far, as in the case of buildings it is not always possible to use traditional wind generators; using arrays of twisted Savonius micro-turbines combined with solar cells would be a feasible option. The above could be used for fuel consumption reduction and, consequently, a reduction in greenhouse gas emissions.
